ation cortex to area CA1 of primate hippocampus (RockPrior to the experiment, and without the subjects' knowlland and Van Hoesen, 1999). Human hippocampal neuedge, a white wine was surreptitiously colored with rons have also been found in single-unit recordings that odorless red dye. As a result, subjects consistently derespond selectively to different categories of visual stimscribed the "red" white wine using language typically uli (Kreiman et al., 2000) . reserved for red wine and avoided the use of white Another site that may participate in multimodal intewine terms. Thus, in the absence of appropriate visual gration is the orbitofrontal cortex (OFC). In nonhuman information, wine odor had minimal impact on olfactory primates, this region has been shown to receive afferent discrimination, and despite "expertise" among subjects, input from both primary olfactory (piriform) cortex and the visual contextual cue dominated.
In addition, valence effects were examined. A two-way interaction of olfaction ϫ valence, effectively comparing (odor ϫ picture interaction, and congruent-incongruent), there were no significant differences in either sniff peak the main effects of unpleasant and pleasant olfaction, revealed significant activity in left anterior piriform coramplitude (p Ͼ 0.19) or sniff latency (time-to-peak) (p Ͼ 0.12). tex (Table 1) (Table 2) . tion involving nonolfactory stimuli. In this contrast, significant enhanced activity was observed in left rostromedial Note that by collapsing across congruency, we made no assumptions that the odor ϫ picture interaction nec-OFC (Ϫ15, 39, Ϫ15; Z ϭ 3.18; p ϭ 0.059 SVC). Parameter estimate plots established that the interaction reflected essarily depended on semantic features, but simply on temporal synchrony of their presentation. Indeed, in greater differential responses to bimodal OV compared to the unimodal O plus V conditions, when adjusted for many animal studies of crossmodal integration, it is spatial or temporal correspondence that dictates multisenthe common baseline (Bas.) activity ( Figure 4A ). Enhanced responses were also observed in the depths of sory response enhancement, not semantic attributes (Stein and Meredith, 1993) . There are also examples in the posterior IPS, just medial to the transverse occipital sulcus ( Figure 4B) . Here, the parameter estimates show the human neuroimaging literature indicating that temporal factors are critical to crossmodal processing that posterior IPS is a visually responsive region (evident Table 2 ined using a parametric model, which tested for brain incongruent conditions. Neither can the effects be con-(thresholded at p Ͻ 0.001), we confirmed that the parafounded by odor valence or edibility, since the results metrically modulated responses observed in hippocamwere seen over a range of pleasant/unpleasant and pus (Ϫ27, Ϫ12, Ϫ27) and OFC (Ϫ3, 36, Ϫ21) were within food/nonfood odors. Moreover, these findings were obthe same regions evident in the main effect of conserved in the absence of significant differences in sniff gruency.
patterns. Indeed, the robustness of these activations was particularly evident in a related parametric model, which revealed similar patterns when the subjects' own Discussion post hoc congruency ratings were used to model the evoked hemodynamic response (Figure 6 ). The aim of this study was to characterize mechanisms The behavioral findings show that mere presentation underlying visual modulation of olfactory perception. of a visual cue is insufficient to facilitate olfactory perUsing a low-level odor detection task, we demonstrated ception. Instead, the effect critically relies on access to semantically concordant information, as exemplified in that olfactory detection was faster and more accurate It is important to reiterate that the correlation between response enhancements in rostromedial OFC (see hippocampal activity and perceived semantic congruency above) and posterior IPS (Figure 4 ). This activation prooccurred during a low-level odor detection task. Specififile may reflect the hemodynamic analog of multisensory cally, subjects were not asked to make explicit semantic integration at the cellular level, as originally demonor mnemonic judgments. This implies that hippocampalstrated in cat superior collicular neurons exposed to mediated reactivation of olfactory-visual semantic assovisual, auditory, and tactile stimuli (Stein and Meredith, ciations was obligatory, not requiring the engagement 1993). Recently, the phenomenon has been extended of intentional memory. One question raised by the findings to human imaging studies of audio-visual integration is whether semantic congruency effects could reflect other (Calvert et al., 2000) . Our findings show that this renonassociative functions, such as detection of semantic sponse pattern is applicable to chemosensory modalities novelty (Tulving et al., 1996) or disambiguation of odor in the human brain and imply that heteromodal sites in events (Levy, 1996) . For example, rodent lesion studies IPS and STS, long classified in nonolfactory terms, may show that the hippocampal formation may disambiguate be tuned to a wider sensory spectrum. Potential roles complex odor sequences, particularly when high defor olfactory-visual integration in IPS might be to engrees of interference are present (Agster et al., 2002) . hance odor source localization or to help orient attention Regardless of the actual mechanism, it is evident from toward a particular odor. While direct olfactory-parietal numerous imaging studies that both perceptual salience projections have not been described, the manifestation and semantic elaboration, in the absence of overt memof olfactory neglect in patients with right parietal lobe ory tasks, can engage the anterior hippocampus (Vandamage ( (1 mm in-plane resolution) were also collected and coregistered to picture (low-level baseline, "Bas.") were delivered ( Figure 1B) . Odoreach subject's mean functional EPI to produce a group-averaged picture combinations could be semantically congruent ("OV-c") or structural image. incongruent ("OV-i"). Note that a sniff was made on every trial, The event-related fMRI data was analyzed in SPM99 using the regardless of odor presence. Subjects used a push-button to indigeneral linear model (Friston et al., 1995b) . Ten regressors of intercate odor presence ("yes") or absence ("no"), and they were inest, corresponding to the onset times for the ten different conditions, structed to respond as quickly and as accurately as possible.
were convolved with a canonical hemodynamic response function (HRF) and its temporal derivative. Subject-specific movement paExperiment rameters and a high-pass filter (cut-off, 120 s) were included. The The experimental paradigm conformed to a modified 2 ϫ 2 ϫ 2 parameter estimates (betas) for each regressor were calculated for factorial design ( Figure 1C) . The three within-subject factors were all brain voxels, and relevant contrasts of parameter estimates were (1) odor (presence/absence); (2) picture (presence/absence); and (3) computed. The contrast images for all subjects were then entered valence (pleasant/unpleasant). Because the bimodal events were into a series of one-sample t tests, each constituting an SPM{T}. congruent or incongruent, ten different conditions were specified This procedure permitted statistical inference at the population level (pleasant and unpleasant O, V, OV-c, OV-i, Bas.). The baseline (Bas.) (random-effects analysis). events were randomly split into "pleasant" and "unpleasant" categoWe examined three principal contrasts. (1) The main effect of ries to maintain orthogonality within the factorial design, but were olfaction. This tested for regions preferentially activated by olfactory otherwise identical. The visual stimuli were neutrally valenced, but stimulation and served as an internal quality check that the paradigm were designated pleasant and unpleasant, since the pleasant piccould reliably elicit odor-evoked responses in predicted areas. . We fully randomized, except for the following constraints, in order to also emphasize that, when rearranged, the term is mathematically minimize the effects of odor habituation and stimulus repetition: (1) identical to (OV Ϫ V) Ϫ (O Ϫ Bas.), the difference between the two per each 1/4 of the experiment, the eight odors occurred only once simple effects (see . This illustrates the meaning each in the O, OV-c, and OV-i conditions; and (2) per each 1/4 of the interaction in the sense that we are testing for regions that experiment, the picture presentations were organized such that the respond to olfactory stimulation in the presence of pictures (i.e., eight semantic categories occurred only once each in the V and OV Ϫ V) that is over and above the response in the absence of OV-c conditions. pictures (i.e., O Ϫ Bas.). (3) The direct effect of semantic congruency. The contrast of (OV-c Ϫ OV-i) was used to reveal areas responsive to shared semantic attributes between odors and pictures.
Behavioral Measurements Reaction times (RTs) and odor-detection accuracy were measured
In a separate parametric model, the effect of subjective congruency was explicitly tested. This resembled the primary model, exfrom all subjects and averaged across each condition type. Respiratory data was also collected on-line from 14 subjects (Gottfried et cept that we created "congruency" regressors (one for each valence level) by entering the post hoc congruency ratings for every bimodal al., 2002a). A pair of breathing belts (Siemens, Erlangen, Germany) were fastened around the chest and abdomen of each subject and odor-picture pair (32 pleasant, 32 unpleasant) as linear parametric modulators of the hemodynamic time series. Thus, the main effect coupled to a differential pressure sensor (0-1 psi; Honeywell, Morris-(ϩ1) of the parametric columns tested for regional activations corre
